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Infectious organisms have to cope with demanding and rapidly changing environments during establishment
in the host. This is particularly relevant for pathogens that utilize different hosts to complete their life cycle. In
addition to homeotic environmental challenges, other stressful factors, such as oxidative bursts, are often
triggered in response to infection. It is not surprising that many successful pathogens have developed robust
chaperone systems to conquer the stressful environments in the host. In addition to discussing ingenious
ways by which pathogens have utilized chaperones, the potential of exploiting pathogen chaperones as
drug targets is also discussed.INTRODUCTION
Studies on intracellular pathogens often reveal aspects of biol-
ogy that go unnoticed in endogenous systems. This is particu-
larly true for our understanding of cellular roles of molecular
chaperones or heat shock proteins. Most pathogens encounter
a drastic change in their environment during entry into the
host. In addition to homeotic factors such as temperature, intra-
cellular pathogens also face harsh conditions such as an oxida-
tive burst triggered in response to the infection. The pathogen
must cope with these environmental challenges in order to es-
tablish itself in the host. In addition to adaptation mechanisms
specific to their host, elaboration of the heat shock response
appears to be a common survival strategy among all pathogens.
Induction of heat shock protein genes during infection has been
reported for various bacteria, parasites, and viruses during an
infection process. In agreement with their well-studied functions,
it is believed that heat shock proteins induced during infection
help pathogens override unfavorable conditions found in the
host. Heat shock proteins may therefore form a first line of attack
and help consolidate pathogen virulence (Goulhen et al., 1998;
Kamiya et al., 1998; Kaneda et al., 1997).
Heat shock proteins were identified for the first time in
Drosophila incubated at higher temperatures (Ritossa, 1962; Tis-
sie`res et al., 1974). Heat shock proteins comprise a subgroup of
molecular chaperones that are induced in response to adverse
environmental conditions (including but not limited to excessive
heat). Molecular chaperones are both constitutive and stress in-
ducible, and comprise a diverse group of proteins that possess
the ability to transiently assist in the noncovalent assembly or
disassembly of other macromolecular structures (Hemmingsen
et al., 1987). Molecular chaperones, including heat shock pro-
teins, are essential for the survival of all three kingdoms of life,
and have been shown to play key roles in the integration of cel-
lular and organismal responses to environmental fluctuation.
Given that the high cellular protein concentration (200–400 mg/ml)
naturally favors inappropriate protein-protein interactions, lead-
ing to insolubility and protein denaturation, molecular chaper-ones, by transiently associating with hydrophobic surfaces of
‘‘client’’ proteins, are key to maintaining cellular homeostasis
and a functional intracellular milieu (Ellis, 2006; Minton, 2001).
Heat shock proteins are a family of structurally related proteins
classified based on their molecular weights. Heat shock proteins
of the classes Hsp20, Hsp40, Hsp60, Hsp70, Hsp90, and
Hsp100 have been well characterized from a large number of or-
ganisms. Proteins belonging to a particular family share exten-
sive structural homology and functional similarity across spe-
cies. Accordingly, the Hsp20 family is involved in stabilization
of cytoskeletal proteins; the Hsp40 family presents substrates
to the Hsp70 group of chaperones; the Hsp60, Hsp70, and
Hsp90 families are involved in protein folding; and the Hsp100
family is able to disassemble protein aggregates. Chaperones
that support folding of newly synthesized proteins, namely
Hsp60, Hsp70, and Hsp90, have distinct mechanisms of action.
While the Hsp60 family forms a double heptameric ring structure
that provides a protected cavity for proteins to fold, Hsp70 and
Hsp90 interact with their substrates in monomeric or dimeric
forms, respectively. Hsp70 is mainly involved in supporting the
early phase of protein folding while Hsp90 interacts with sub-
strates in their near native conformations, regulating their biolog-
ical activities. Most of the heat shock protein families mentioned
above are constitutively synthesized but are further induced in
response to stress (Bayles et al., 1996). Notwithstanding similar-
ities in their structure and function across species, different or-
ganisms seem to have relied on molecular chaperones to differ-
ent extents. Even prions have been shown to depend on
chaperones for propagation of their infective forms (Sullivan
and Pipas, 2001).
There is an intense interest in exploring roles of heat shock
proteins in pathogen biology. Pathogens not only utilize endog-
enous heat shock proteins but they also exploit host heat shock
proteins. This article aims to detail our current understanding of
heat shock proteins from pathogenic bacteria, viruses, protozoa,
and their potential roles in aiding pathogen virulence. The possi-
bility of exploiting pathogen heat shock proteins as targets for
therapy is discussed.Cell Host & Microbe 4, December 11, 2008 ª2008 Elsevier Inc. 519
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One situation that can cause bacteria to induce heat shock
proteins is after phagocytosis by the host cell where bacteria en-
counter stress due to phagosome acidification, oxidative burst,
andphagosome fusionwith lysosomes. These stimuli are capable
of inducing bacterial heat shock proteins that play an important
role in helping bacteria cope with stressful host environment,
therebyaidingbacterialpathogenesis (Hosogi andDuncan,2005).
In bacteria, DnaK, DnaJ, GroEL, and HtpG are the major heat
shock protein classes. The DnaK (Hsp70) and DNA J (Hsp40)
pair is involved in protein folding and is also associated with sur-
vival under stress conditions (Genevaux et al., 2007). HtpG is an
Hsp90homologusuallypresentasadimer involved inprotein fold-
ing.GroELexists in adouble heptameric ring structure, presenting
a protected cavity within which newly synthesized proteins can
fold. All the above heat shock proteins are inducible in nature
andhavebeen implicated inhelpingbacteriaoverridestressful en-
vironmental conditions (Arnold et al., 2007;Qoronfleh et al., 1998).
All these chaperones share significant sequence similarities with
their eukaryotic counterparts (Acharya et al., 2007). As described
below, the chaperoning roles of heat shock proteins is cleverly
exploited by pathogenic bacteria for host cell pathogenesis.
DnaK is one of the best characterized bacterial chaperones.
Its role in protein folding is well studied, and it has also been im-
plicated in bacterial virulence. In Brucella suis, Campylobacter
jejuni, and Salmonella enterica serovar Typhimurium, deletion
of DnaK results in compromised growth in macrophages or in-
ability to colonize mice (Ko¨hler et al., 1996; Konkel et al., 1998;
Takaya et al., 2004). These data support the notion that heat
shock proteins are critical for survival of these bacteria in host
environments.
Induction of heat shock protein genes in bacteria is either pos-
itively regulated through alternate sigma factors or negatively
regulated by the transcription factor HspR (heat shock protein
receptor). Manipulation of either of these factors .alters heat
shock response and also influences bacterial virulence (Gophna
and Ron, 2003; Kazmierczak et al., 2005). In the case of Helico-
bacter pylori, survival in human gastric mucosa requires it to
withstand constantly fluctuating environments and lowpHcondi-
tions. H. pylori responds to environmental changes by modulat-
ing a regulator of heat shock protein genes called Csr1 (cellular
stress response protein1; hspR is one of the genes modulated
by Csr1). Consistent with the possibility that pathogens regulate
stress responses to effect virulence, an H. pylori mutant for the
csr1gene showed attenuated infection in amousemodel indicat-
ing that genes involved in stress tolerance are critical forH. pylori
virulence (Barnard et al., 2004). However, in Mycobacterium
tuberculosis, inactivation of hspR, and the resulting overexpres-
sion of DnaK, causes an enhanced clearance of the bacterium
in the mouse model of tuberculosis (Gupta et al., 2008; Smith,
2003). It appears that increased synthesis of DnaK primes the
immune system early during infection possibly resulting in in-
creased bacterial clearance. This example indicates that mere
overexpression of heat shock proteins may not always confer
virulence to bacteria. The timing and possibly the magnitude of
expression need to be regulated for their cytoprotective effects.
One of the best known examples of the role of heat shock
proteins in bacterial pathogenesis is Listeria monocytogenes in-
fection in host macrophages. After being phagocytosed into the520 Cell Host & Microbe 4, December 11, 2008 ª2008 Elsevier Inc.host, Listeria can be digested upon fusion of the phagosomewith
an endosomal compartment. However, the bacteria rely on
a member of Hsp100 family called ClpC to overcome this conse-
quence. Expression of ClpC in the phagosome allows Listeria to
be released from the phagosome into the host cytoplasm where
it undergoes multiplication (Rouquette et al., 1998; Nair et al.,
2000). Experiments with a clpC deletion strain of Listeria show
accumulation of the bacteria in phagosomes resulting in a signif-
icant reduction of bacterial load in a mouse model of infection.
While the precise mechanism by which ClpC mediates bacterial
exit from the phagosome is not known, it is possible that its inter-
action with phagosome membrane proteins may be involved.
Recently a role for another member of Hsp100 family, ClpB,
was shown in Francisella tularensis infection of macrophages.
ClpB was essential for F. tularensis to replicate in target organs
and cause pathogenesis in mice (Melbom et al., 2008). These
studies clearly indicate that intracellular pathogens rely upon
their endogenous chaperone machinery to survive and establish
an infection within their hosts.
Besides these examples, there are several reports that suggest
a role for bacterial chaperones at the cell surface, as adhesins for
invading the host cell or in signaling the immune system (Pizarro
and Cossart, 2006). Both the Hsp60 and Hsp70 classes of chap-
eroneshavebeen implicated in this role. In addition, therearealso
examples where bacteria have found ways to recruit or target
host chaperones to enhance bacterial growth and overcome
host defense (reviewed in Henderson et al., 2006). It is apparent
that bacteria have mainly exploited their heat shock protein
functions to cope with host defense mechanisms triggered in
response to infections. Additional roles in invasionandmultiplica-
tion have also been suggested in some cases.
Heat Shock Protein Roles in Protozoan Diseases
The role of heat shockproteins as virulence factors is convincingly
available in human protozoan parasites. In several pathogenic
protozoa, parasite heat shock proteins have been implicated in
critical stage conversionprocesses. In thecaseofLeishmania do-
novani, Hsp90 has been implicated in conversion of the parasite
from the insect form to the mammalian form (Wiesgigl and Clos,
2001). Inhibition of Hsp90 using geldanamycin (GA) inhibits pro-
mastigote growth in culture, and its overexpression overcomes
this growth inhibition. In the case of Trypanosoma cruzi, Hsp90
has also been implicated in proliferation of epimastigotes and its
inhibition abrogates conversion of blood form trypomastigotes
into epimastigotes (Graefe et al., 2002). More recently, a similar
role for Hsp90 was demonstrated in Toxoplasma gondii wherein
its development from the bradyzoite to tachyzoite stage was in-
hibited and entry of T. gondii into the host was also compromised
upon inhibition of its Hsp90 (Echeverria et al., 2005; Ahn et al.,
2003). In Plasmodium falciparum, parasitic Hsp90 was essential
for P. falciparum growth in human erythrocytes. Hsp90 inhibition
usingGAabrogatedP. falciparumasexual development in human
erythrocytes (Banumathy et al., 2003). A similar role for Hsp90 in
Eimeria and Babesia parasites has been demonstrated (Pe´roval
et al., 2006). TheuseofHsp90 to control important developmental
transitions in the host appears to be conserved in protozoa.
It is necessary to understand the organization of Hsp90 in the
cell to appreciate how a chaperone may influence complex
cellular processes such as stage development. In all eukaryotic
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and Toft, 2003). In this complex, a dimeric form of Hsp90 is
usually associated with Hsp70 and other cochaperones such
as Hop (Hsp70-organizing protein), p23, Aha1, and cyclophilin.
These cochaperonesmodulate theweak ATPase activity associ-
ated with Hsp90 and thereby regulate client protein binding to
Hsp90. Hsp90 chaperones a group of client proteins involved
in signal transduction and cell cycle control. The clients include
protein kinases and transcription factors that respond to envi-
ronmental stimuli to bring about cell cycle regulation or signal
transduction (Pratt and Toft, 2003). Such ability of Hsp90 to
link environmental changes to changes in gene expression,
and cell cycle control is shrewdly exploited by pathogens to
potentiate their virulence.
It appears that parasites have utilized heat shock proteins to
sense environmental cues in the host and to signal when appro-
priate developmental transitions in the parasite should occur.
Indeed, many effectors of signaling machinery in intracellular
protozoan parasites such as Plasmodium are conserved with
their hosts (Vaid and Sharma, 2006). By conserving the signal
transduction components of the Hsp90 multichaperone com-
plex, these intracellular parasites seem to have mimicked the
ability of their host to respond to environmental signals such as
changes in temperature (Denis et al., 1988; Hartson et al., 1996).
Apart from Hsp90, heat shock proteins of the class Hsp60,
Hsp70, and Hsp100 have also been implicated in the pathogen-
esis of protozoan infections. Hsp100 is critical for intracellular
parasite survival and contributes to the infectivity of Leishmania
major (Hubel et al., 1997; Krobitsch and Clos, 1999; Reiling et al.,
2006). Hsp100/ mutants of L. major show reduced survival in
macrophage and attenuated growth in BALB/c mice. Similarly
an increase in infectivity is associated with increased levels of
heat shock proteins in L. braziliensis (Smejkal et al., 1988). In
T. gondii, Hsp70 plays an important role in evading host proin-
flammatory responses and thereby contributes to its virulence
(Dobbin et al., 2002). Thus, in addition to utilizing their conven-
tional roles in stress tolerance, parasites have exploited heat
shock proteins to fine tune their growth and development
according to conditions prevailing inside the host.
Most recently, transcriptome analysis of malarial parasites
isolated from patients has revealed a significant correlation be-
tween upregulation of genes coding for major heat shock protein
families of the parasite and the clinical outcome of infection
(Daily et al., 2007). Importantly, patients showing similar clinical
characteristics of high interleukin levels and febrile conditions
had Plasmodium parasites showing a similar profile of heat
shock proteins upregulated. In an independent group of patients
showing intermediate clinical manifestations, a cohort of func-
tionally related, cytoplasmic heat shock proteins were signifi-
cantly upregulated in their Plasmodium parasites. This included
all the components of the Hsp90 multichaperone complex
described above. The results suggest that heat shock proteins
may participate in shaping the clinical course of malaria. It would
be interesting to see if the heat shock protein profiles seen at
transcriptome level also translate at the level of the proteome
and if there are any correlations with the severity of disease.
Thus, in addition to exploiting heat shock proteins to counter
environmental challenges unleashed by the host, protozoan par-
asites have also evolved chaperone-dependent mechanisms tosense and utilize changes in the host environment as develop-
mental cues to coordinate their growth.
Heat Shock Proteins in Virus Infections
While most viruses themselves do not code for heat shock pro-
teins, they have instead evolved to rely on the host-chaperone
machinery for their folding and assembly needs much as viruses
do for many other processes. It is well known that animal viruses
such as influenza and vesicular stomatitis virus (VSV) code for
envelope proteins such as hemagglutinin and VSV G, whose
glycosylation, folding, assembly, and transport are dependent
on host chaperones. In fact, many of the cellular mechanisms
involving protein folding and assembly were first discovered
using viral glycoproteins as models (Tatu et al., 1995; Tatu and
Helenius, 1997).
In addition to chaperones of the secretory pathway, many
viruses also utilize cytosolic chaperones formodulating their pro-
tein function.Hsp40, Hsp70, andHsp90 classes have been impli-
cated in viral proteindynamics in thecell. Therearealsoexamples
wherein viruses pack host chaperones within their capsid struc-
ture before being released out of the cell (Gurer et al., 2005).
These molecules are later utilized in the invasion of new cells.
Viruses often code for cochaperones of the Hsp40 class that
are capable of recruiting Hsp70 chaperones of the host. The
classic example of host-chaperone recruitment by viruses is in
case of a polyoma virus SV40. Tumor antigen (T antigen) of this
virus harbors an Hsp40-like J domain, capable of interacting
with Hsp70. The T antigen recruits host Hsp70 into a virus-
infected cell to inactivate the retinoblastoma tumor supressor
gene product (pRb; Retinoblastoma protein) and thereby plays
an essential role in host cell transformation by the virus (Sullivan
and Pipas, 2002).
Host cytoplasmic Hsp70 has been utilized by many viruses
during their multiplication in the host. Recently, human immuno-
deficiency virus (HIV)was shown to incorporate host Hsp70 in the
virion core (Gurer et al., 2005). Inhibition of the virion-incorpo-
rated Hsp70 ATPase activity disrupted the core conformation
of Hsp70 and reduced virus infectivity. In the case of hepatitis B
virus, host Hsp90 is utilized to support ribonucleoprotein assem-
bly between viral reverse transcriptase and 3 RNA of the virus
(Hu and Seeger, 1996). A role for host Hsp90 was also shown in
vaccinia, hepatitis C, and negative strand RNA viruses such as
VSV G (Hung et al., 2002; Nakagawa et al., 2007; Connor et al.,
2007). While the mechanistic role of host Hsp90 has not been
studied in these viruses, its inhibition disrupted virus growth in
culture and in a mouse model. More recently host Hsp90 was
shown to be required for capsid assembly in poliovirus, rhinovi-
rus, and coxsackie virus (Geller et al., 2007). Pharmacological
inhibition of host Hsp90 inhibited replication of these viruses in
cell culture and in animal models (Geller et al., 2007). In another
example, host Hsp40 is utilized byHIV to activate its nef (negative
factor) gene required for viral infectivity and replication (Kumar
andMitra, 2005). In this case, HIV infection also caused induction
of host Hsp40 to be utilized by the virus to support viral gene tran-
scription. Nef association with host Hsp40 promoted its nuclear
translocation and association with the CDK9 transcription com-
plex. Thus, despite lack of their own heat shock protein coding
genes, viruses have developed novel mechanisms to recruit
heat shock proteins of the host to support processes rangingCell Host & Microbe 4, December 11, 2008 ª2008 Elsevier Inc. 521
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and assembly inside the host.
Drug Resistance
Microbesare rapidly acquiring resistance to all the existingdrugs,
and development of new drugs is a slow process. Antimicrobial
drug resistance is therefore a major problem in the treatment
of infectious diseases such as malaria, tuberculosis, acquired
immunodeficiency syndrome (AIDS), and bacterial infections as
well as cancer. A large number of patient deaths result from the
failure of therapy due to drug-resistant forms of pathogens.
Therefore, overcoming drug resistance needs to be pursued
with a sense of urgency. A recent report in fungal pathogens
linked Hsp90 function to evolution of resistance to antimicrobial
drugs (Cowen and Lindquist, 2005). Inhibiting heat shock protein
function therefore presents a possible new approach to over-
coming drug resistance.
A study on the development of resistance to azoles in Saccha-
romyces cerevisiae has shown that appearance of drug resis-
tance was dependent on Hsp90 function (Cowen et al., 2006).
Azoles are commonly used antifungal drugs that inhibit Erg11
(lanosterol 14-alpha demethylase) and block biosynthesis of
ergosterol, an important component of fungal membranes. Inhi-
bition of Erg11 results in accumulation of intermediates that
are toxic and cause membrane stress. High concentrations of
Hsp90 in anengineered strain ofS. cerevisiaepromotedevolution
of rapid drug resistance under an acute selection regime with
a high concentration of drug, while Hsp90 inhibition precluded
development of drug resistant phenotypes. Azole resistance
arose due to a mutation in Erg3 resulting in inhibition in accumu-
lation of toxic intermediates. The study also showed that Hsp90-
dependent emergence of drug resistance was mediated by an
Hsp90 client called calcineurin (a calcium dependent protein
phosphatase), and its downstream effector Crz1 (calcineurin
responsive zinc finger transcription factor). In addition, Hsp90-
Figure 1. ATPase Cycle of Hsp90 Drives
Client Protein Maturation
(A) Dimeric Hsp90 bound to its client protein. ATP
binding and hydrolysis results in conformational
changes in Hsp90 that drive client protein matura-
tion and release.
(B) GA competes for ATP binding site on Hsp90 N
terminal domain. GA binding to Hsp90 dissociates
the client protein resulting in its proteasomal deg-
radation. N, N terminal domain; M, middle domain;
C, C-terminal domain; GA, geldanamycin; U and
Ub, ubiquitin.
dependent calcineurin activation is
known to be involved in coping with
stressors including membrane stress
due to azoles (Cowen et al., 2006).
It is important to mention here that
Hsp90 has been implicated in regulating
environmental influences on phenotypes
arising from cryptic genetic variants pres-
ent in individual genomes (Rutherford and
Lindquist, 1998). Such phenotypes are
often stabilized and enriched at the ge-
netic level, depending on environmental selection pressures
and their fitness. Hsp90 enables cellular stress responses crucial
for resistance to evolve and to be maintained. It is conceivable
that additional Hsp90-dependent pathogenic traitsmaymanifest
in response to stressful host environment and promote pathogen
virulence.
Inhibiting Hsp90 function therefore provides a possible new
approach to overcome drug resistance and counter parasite
virulence. Indeed, Leishmania Hsp83 (a homolog of Hsp90) has
been implicated in responses to antimonial drug therapy in
drug-resistant clinical isolates (Vergnes et al., 2007). A proof of
principle study was performed in vitro where GA was used to in-
hibit Hsp90 to overcome azole resistance in fungi (Cowen and
Lindquist, 2005). However, new Hsp90 inhibitors will be required
to overcome the limitations of GA such as its hepatotoxicity in
order to be useful for clinical treatment in real life.
In all, the examples discussed above make a compelling case
for the involvement of molecular chaperones in development of
antimicrobial drug resistance. Though limited in number, avail-
able examples do provide a mechanistic basis for chaperone
dependent drug resistance that is likely to be utilized by other
infectious disease causing microbes as well.
Therapeutic Approaches Targeted
at Heat Shock Proteins
As a corollary to their potential roles in parasite virulence dis-
cussed above, molecular chaperones have been considered as
targets for therapeutic interventions. There are examples of nat-
ural smallmolecules aswell asproteinsproducedbymicroorgan-
isms that can bind and inhibit chaperone proteins. By producing
specific inhibitors, microorganisms have cleverly targeted the
critical nature of chaperone function as a strategy to survive in
highly competitive natural environments.
At first glance, the possibility of using chaperones as drug
targets does not seem attractive because of the high degree of522 Cell Host & Microbe 4, December 11, 2008 ª2008 Elsevier Inc.
Cell Host & Microbe
ReviewFigure 2. Imperius, Cruciatus, and Avada Kedavra: Molecular Chaperones in Disease Pathogenesis
Just as Lord Voldemort and his followers use Imperius, Cruciatus, and Avada Kedavra curses to overpower their opponents in the Harry Potter series, pathogens
often use molecular chaperones to conquer their hosts. Intracellular pathogens of various classes from bacteria to protozoa, employ molecular chaperones to
invade host cells, establish infection, respond to environmental stimuli and counter the effects of inhibitory drugs. Chaperones may be of host or pathogenic
origin. Viruses typically exploit human chaperones to support viral transcription and replication. Bacteria and protozoa encode their own chaperones necessary
for infection. (1) Invasion of host cells by Salmonella enterica, Actinobacillus actinomycetemcomitans, and Listeria monocytogenes rely heavily on chaperones
encoded by these organisms (Takaya et al., 2004, Zhang et al., 2001, Nair et al., 2000) . (2–4) Following invasion, pathogens encounter environmental stress
in the form of reactive oxygen species, acidic environment in phagosomes and heat stress in the form of fever in the host. Different pathogens recruit different
chaperones to counter this onslaught and establish infection within the host (Wiesgigl and Clos, 2001; Graefe et al., 2002; Echeverria et al., 2005; Banumathy
et al., 2003; Basak et al., 2005). (5) Hsp100 is involved in lysosome fusion of Listeria monocytogenes (Nair et al., 2000). (6) Furthermore, pathogenic chaperones
have been implicated in development of resistance to inhibitory drugs (Cowen et al., 2006; Cowen and Lindquist, 2005). (7) Growth and multiplication of certain
pathogens such as Francisella tularensis requires chaperones (Melbom et al., 2008). (8) HIV even exploits the host endoplasmic reticulum (ER)-chaperone ma-
chinery in order to export its surface protein gp120 to the infected cell plasma membrane (Otteken and Earl, 1996). (9) Viruses such as HIV and the protozoan
parasite Plasmodium falciparum have been shown to recruit host chaperones to establish a host environment that facilitates infection (Silva et al., 1994; Kumar
and Mitra, 2005; Sullivan and Pipas, 2002). Pathogens therefore utilize molecular chaperones in facing challenges that they encounter in their hosts as well as in
exploiting host resources to their own ends.homology seen between chaperones from different sources. De-
spite overall structural similarity between human and pathogen
chaperones, they display different dependencies on chaper-
one-supported pathways and may therefore exhibit differences
in sensitivities to their inhibition.
The best-known example of an inhibitor of chaperone function
is GA, an ansamycin ring-containing molecule produced by
Streptomyces hygroscopicus (Deboer and Dietz, 1976). GA is
a specific inhibitor of Hsp90. By competing for ATP binding,
GA inhibits the ATPase activity of Hsp90 and thereby prevents
client protein cycling and maturation (Figure 1) (Grenert et al.,
1997). The molecule exhibits a high degree of specificity toward
Hsp90 as its Bergerat-fold ATP-binding cavity is shared by a
limited number of ATP-binding proteins (Neckers et al., 1999).
An obvious outcome of GA binding to Hsp90 is degradation of
its client proteins that include protein kinases and transcriptionfactors regulating cell cycle control and signal transduction path-
ways (Figure 1). The essential nature of these clients results in
inhibition of cell growth in most systems (Neckers, 2002). The
extent of growth inhibition conferred by GA varies depending
on the importance of Hsp90-dependent pathways in different
systems.
Interestingly, the inhibitors of Hsp90 discussed above have
also found use as an anticancer drug because of the critical
reliance of cancer progression on Hsp90-dependent client
proteins (Neckers, 2002; Neckers et al., 1999). GA derivatives
have gone through phase II clinical trials toward application in
cancer therapy. As detailed above, protozoa causing infections
in humans have critically relied on Hsp90 function for their
development in mammalian hosts. Indeed Hsp90 counterparts
from Leishmania, Trypanosoma, Plasmodium, and Toxoplasma
parasites have been proposed as potential drug targets andCell Host & Microbe 4, December 11, 2008 ª2008 Elsevier Inc. 523
Cell Host & Microbe
ReviewTable 1. Heat Shock Proteins Involved in Pathogenicity
Chaperone Organism Disease Function Reference
Hsp100 (ClpC) Listeria monocytogenes Listeriosis Promotes early bacterial escape
from phagosomal compartment
of macrophages
Nair et al. (2000)
Hsp100 (ClpB) Francisella tularensis Tularemia ClpB required for multiplication
in host organs






Parasite Hsp90 functions as
a sensor of environmental cues
Wiesgigl and Clos (2001) Graefe
et al. (2002) Echeverria et al. (2005)
Banumathy et al. (2003)
Hsp90 Picorna viridae Polio; Foot-and-mouth
disease
Host Hsp90 required for capsid
assembly
Geller et al. (2007)
Hsp70 HIV AIDS Virus encapsidated host Hsp70
necessary for infectivity
Gurer et al. (2005)
Hsp70 Toxoplasma gondii Toxoplasmosis Hsp70 involved in modulation
of NF-kB and NOa
Dobbin et al. (2002)
Hsp40 SV40 virusa Tumorigenesis Host Hsp70 recruitment
and cell transformation
Sullivan and Pipas (2002)
Hsp40 HIV AIDS Host Hsp40 involved in nef gene
activation and virus replication
Kumar and Mitra (2005)
Representative examples of the roles of Hsp40, Hsp70, Hsp90, and Hsp100 in supporting virulence in viral, bacterial and protozoan diseases.
a NF-kB, nuclear factor-kappa B; NO, nitric oxide; SV40, simian virus 40.preliminary data is available from various labs to support this
possibility (Wiesgigl and Clos, 2001; Graefe et al., 2002, Eche-
verria et al., 2005; Banumathy et al., 2003). Hsp90 inhibitors
have also been suggested as therapeutics for picornavirus infec-
tions such as polio (Geller et al., 2007). Interestingly, a monoclo-
nal antibody directed at Hsp90 of Candida albicans has also
been developed by NewTec Pharma PLC as a novel approach
to treat candidiasis (Matthews et al., 2003).
It is also possible that pathogen chaperones, in spite of their
close similarity to host proteins (Kumar et al., 2007), could be
specifically targeted with novel small molecules. For example,
although the Hsp90 ortholog in the nematode Caenorhabditis
elegans does not interact with and is not inhibited by GA, Hsp90
in the filarial nematode Brugia pahangi is efficiently inhibited by
the drug, which effectively sterilizes the worm (David et al.,
2003; Devaney et al., 2005). This is the casedespite a high degree
of conservation between the two nematode Hsp90 sequences.
Similar divergent and unexpected sensitivity to Hsp90 inhibitors
has also been observed when human Hsp90 is expressed as
the sole Hsp90 isoform in yeast, or when noninactivating point
mutations are introduced into the Hsp82 isoform of yeast Hsp90
(Piper et al., 2003a, 2003b). Further, it is becoming apparent that
distinct cell-specific posttranslational modifications to Hsp90,
including acetylation and phosphorylation of unique chaperone
residues, alter interaction with and affinity for Hsp90 inhibitors
(Scroggins et al., 2007; Scroggins and Neckers, 2007). These
findings suggest that a high-throughput screen to identify patho-
gen-specific Hsp inhibitors is feasible and may prove to be
a fruitful approach to the development of novel drugs.
Conclusions
In summary, microbial pathogens have successfully exploited
molecular chaperones to overcome challenges confronted in
the inhospitable host cell environment. Processes ranging from
pathogen entry, establishment, and multiplication have all been524 Cell Host & Microbe 4, December 11, 2008 ª2008 Elsevier Inc.shown to exploit chaperone proteins to facilitate pathogenesis.
While detailed mechanisms are available for some, others are
known only at a descriptive level. A summary of representative
examples of heat shock protein involvement in microbial viru-
lence is shown in Figure 2 and Table 1. The following general
themes emerge from the evidences implicating chaperones in
supporting parasite virulence mechanisms. (1) Growth of patho-
genicmicroorganisms in their host is oftenmarkedby inductionof
their heat shock protein genes. (2) Specific heat shock protein
gene deletions in pathogens result in attenuation of their growth
within the host. (3) Among different families of heat shock
proteins, Hsp60 (bacteria), Hsp70 (bacteria and viruses), and
Hsp90 (protozoa and viruses) have been most commonly impli-
cated in microbial virulence. Among organellar heat shock pro-
teins of protozoan parasites, cytoplasmic heat shock proteins
were most commonly involved in aiding survival in the host. (4)
Owing to its involvement in responding to environmental stimuli,
cytoplasmic Hsp90 has been most commonly and strategically
implicated in microbial pathogenesis. (5) Therapeutic strategies
targeting heat shock proteins have been successfully applied in
controlling fungal infections. Inhibitionof heat shockprotein func-
tion using small molecule inhibitors is able to overcome infection
process in cell culture as well as in animal models of the disease.
Clearly, chaperone involvement in virulence is still a nascent
field and several leads need to be followed up. As stated above,
Hsp90 is most commonly implicated in disease progression and
pathogenesis of microbial infections. It would be desirable to de-
velop small molecule inhibitors targeted specifically at Hsp90 of
microbial pathogens. About 50% identity is found at the level of
the primary structure among Hsp90s from human and microbial
pathogens (Acharya et al., 2007). It appears possible to exploit
differences in Hsp90 sequences between Hsp90s from human
and microbial pathogens to tailor molecules specific to the path-
ogen. Importantly, Hsp90 has been linked to emergence of new
traits such as development of drug resistance, and its inhibition
Cell Host & Microbe
Reviewmay therefore provide a solution to the increasing appearance of
drug resistant pathogens. Attention also needs to be given to the
possibility of finding chaperone targets unique to the pathogen,
e.g., certain Hsp40s unique to the malarial parasite (Pavithra
et al., 2007). Our growing awareness about roles of molecular
chaperones in cellular processes such as protein biogenesis,
signal transduction, development, evolution, and their clever uti-
lization by microbial pathogens in virulence raises the possibility
of their exploitation as drug targets to treat ever-increasing hu-
man infectious diseases. Indeed, chaperones are already viewed
as potential targets in many human ailments such as cancer and
neorodegenrative disorders. Harnessing the existing knowledge
about the chemistry, biology, and clinical trials of chaperone
inhibitors presents an excellent opportunity to explore their
potential in the treatment of infectious diseases.
ACKNOWLEDGMENTS
U.T. would like to thankMs. Pragyan Acharya andMs. Rani Pallavi for carefully
reading the manuscript andMs. Syama Chandran for her technical assistance.
Financial support from the Department of Biotechnology and Council of Scien-
tific and Industrial Research, New Delhi, India is gratefully acknowledged.
Authors may not have been able to cover many important references due to
space limitations.
REFERENCES
Acharya, P., Kumar, R., and Tatu, U. (2007). Chaperoning a cellular upheaval in
malaria: Heat shock proteins in Plasmodium falciparum. Mol. Biochem. Para-
sitol. 9982, 1–10.
Ahn, H.J., Kim, S., and Nam, H.W. (2003). Molecular cloning of the 82-kDa heat
shock protein (HSP90) of Toxoplasma gondii associatedwith the entry into and
growth in host cells. Biochem. Biophys. Res. Commun. 311, 654–659.
Arnold, D.L., Jackson, R.W., Waterfield, N.R., andMansfield, J.W. (2007). Evo-
lution of microbial virulence: the benefits of stress. Trends Genet. 23, 293–300.
Banumathy, G., Singh, V., Pavithra, S.R., and Tatu, U. (2003). Heat Shock
Protein 90 Function Is Essential for Plasmodium falciparum Growth in Human
Erythrocytes. J. Biol. Chem. 278, 18336–18345.
Basak, C., Pathak, S.K., Bhattacharyya, A., Mandal, D., Pathak, S., and Kundu,
M. (2005). NF-kappaB- and C/EBPbeta-driven interleukin-1beta driven inter-
leukin-1beta gene expression and PAK1-mediated caspase-1 activation play
essential roles in interleukin-1beta release from Helicobacter pylori lipopoly-
saccharide-stimulated macrophages. J. Biol. Chem. 280, 4279–4288.
Barnard, F.M., Loughlin, M.F., Fainberg, H.P., Messenger, M.P., Ussery, D.W.,
Williams, P., and Jenks, P.J. (2004). Global regulation of virulence and the
stress response by CsrA in the highly adapted human gastric pathogenHelico-
bacter pylori. Mol. Microbiol. 51, 15–32.
Bayles, D.O., Annous, B.A., and Wilkinson, B.J. (1996). Cold stress proteins
induced in Listeria monocytogenes in response to temperature downshock
and growth at low temperatures. Appl. Environ. Microbiol. 62, 1116–1119.
Connor, J.H., McKenzie, M.O., Parks, G.D., and Lyles, D.S. (2007). Antiviral
activity and RNA polymerase degradation following Hsp90 inhibition in a range
of negative strand viruses. Virology 362, 109–119.
Cowen, L.E., and Lindquist, S. (2005). Hsp90 Potentiates the Rapid Evolution
of New Traits: Drug Resistance in Diverse Fungi. Science 309, 2185–2189.
Cowen, L.E., Carpenter, A.E., Matangkasombut, O., Fink, G.R., and Lindquist,
S. (2006). Genetic Architecture of Hsp90-Dependent Drug Resistance. Eukar-
yot. Cell 5, 2184–2188.
Daily, J.P., Scanfeld, D., Pochet, N., Roch, K.L., Plouffe, D., Kamal, M., Sarr,
O., Mboup, S., Ndir, O., Wypij, D., et al. (2007). Distinct physiological states
of Plasmodium falciparum in malaria-infected patients. Nature 450,
1091–1095.David, C.L., Smith, H.E., Raynes, D.A., Pulcini, E.J., and Whitesell, L. (2003).
Expression of a unique drug-resistant Hsp90 ortholog by the nematode
Caenorhabditis elegans. Cell Stress Chaperones 8, 93–104.
Deboer, C., and Dietz, A. (1976). The description and antibiotic production of
Streptomyces hygroscopicus var Geldanus. J. Antibiot. (Tokyo) 29, 1182–
1188.
Denis, M., Gustafsson, J.A., and Wikstrom, A.C. (1988). Interaction of the Mr =
90,000 heat shock protein with the steroid-binding domain of the glucocorti-
coid receptor. J. Biol. Chem. 263, 18520–18523.
Devaney, E., O’neill, K., Harnett, W., Whitesell, L., and Kinnaird, J.H. (2005).
Hsp90 is essential in the filarial nematode Brugia pahangi. Int. J. Parasitol.
35, 627–636.
Dobbin, C.A., Smith, N.C., and Johnson, A.M. (2002). Heat Shock Protein 70 Is
a Potential Virulence Factor in Murine Toxoplasma Infection Via Immunomodu-
lation of Host NF-_B and Nitric Oxide. J. Immunol. 169, 958–965.
Echeverria, P.C., Matrajt, M., Harb, O.S., Zappia, M.P., Costas, M.A., Roos,
D.S., Dubremetz, J.F., and Angel, S.O. (2005). Toxoplasma gondii Hsp90 is
a Potential Drug Target Whose Expression and Subcellular Localization are
Developmentally Regulated. J. Mol. Biol. 350, 723–734.
Ellis, R.J. (2006). Protein Misassembly: Macromolecular Crowding andMolec-
ular Chaperones. In Molecular Aspects of the Stress Response: Chaperones,
Membranes and Networks, P. Csermely and L. Vı´gh, eds. (Austin, TX: Landes
Biosciences).
Geller, R., Vignuzzi, M., Andino, R., and Frydman, J. (2007). Evolutionary
constraints on chaperone-mediated folding provide an antiviral approach
refractory to development of drug resistance. Genes Dev. 21, 195–205.
Genevaux, P., Georgopolous, C., and Kelley, W.L. (2007). The Hsp70 chaper-
one machines of Escherichia coli: a paradigm for the repartition of chaperone
functions. Mol. Microbiol. 66, 840–857.
Gophna, U., and Ron, E.Z. (2003). Virulence and the heat shock response. Int.
J. Med. Microbiol. 292, 453–461.
Goulhen, F., Hafezi, A., Uitto, V.J., Hinoda, D., Nakamura, R., Grenier, D., and
Mayrand, D. (1998). Subcellular localization and cytotoxic activity of the
GroEL-like protein isolated from Actinobacter actinomycetemcomitans. Infect.
Immun. 66, 5207–5213.
Graefe, S.E., Wiesgigl, M., Gaworski, I., Macdonald, A., and Clos, J. (2002).
Inhibition of HSP90 in Trypanosoma cruzi induces a stress response but no
stage differentiation. Eukaryot. Cell 1, 936–943.
Grenert, J.P., Sullivan,W.P., Fadden, P., Haystead, T., Clark, J., Mimnaugh, E.,
Krutzsch, H., Ochel, H.J., Schulte, T.W., Sausville, E., et al. (1997). The Amino-
terminal Domain of Heat Shock Protein 90 (hsp90) that Binds Geldanamycin Is
an ATP/ADP Switch Domain That Regulates hsp90 Conformation. J. Biol.
Chem. 272, 23843–23850.
Gupta, D.T., Bandyopadhyay, B., and Gupta, D.S. (2008). Modulation of DNA-
binding activity of Mycobacterium tuberculosis HspR by chaperones. Microbi-
ology 154, 484–490.
Gurer, C., Ho¨glund, A., Ho¨glund, S., and Luban, J. (2005). ATP_S Disrupts
Human Immunodeficiency Virus Type 1 Virion Core Integrity. J. Virol. 79,
5557–5567.
Hartson, S.D., Barrett, D.J., and Matts, R.L. (1996). Hsp90-mediated folding of
the lymphoid cell kinase p56lck. Biochemistry 35, 13451–13459.
Hemmingsen, S.M., Woolford, C., Vies, S.M., Tilly, K., Dennis, D.T., Georgo-
poulos, G.C., Hendrix, R.W., and Ellis, R.J. (1987). Homologous plant and
bacterial proteins: chaperone oligomeric protein assembly. Nature 333,
330–334.
Henderson, B., Allan, E., and Coates, A.R. (2006). Stress Wars: the Direct Role
of Host and Bacterial Molecular Chaperones in Bacterial Infection. Infect.
Immun. 74, 3693–3706.
Hosogi, Y., and Duncan, M.J. (2005). Gene expression in Porphyromonas gin-
givalis after contact with human epithelial cells. Infect. Immun. 73, 2327–2335.
Hubel, A., Krobitsch, S., Horauf, A., and Clos, J. (1997). Leishmania major
Hsp100 is required chiefly in the mammalian stage of the parasite. Mol. Cell.
Biol. 17, 5987–5995.Cell Host & Microbe 4, December 11, 2008 ª2008 Elsevier Inc. 525
Cell Host & Microbe
ReviewHung, J.J., Chung, C.S., and Chang,W. (2002). Molecular Chaperone Hsp90 Is
Important for Vaccinia Virus Growth in Cells. J. Virol. 76, 1379–1390.
Hu, J., and Seeger, C. (1996). Hsp90 is required for the activity of a Hepatitis B
virus reverse transcriptase. Proc. Natl. Acad. Sci. USA. Biochemistry 93,
1060–1064.
Kamiya, S., Yamaguchi, H., Osaki, T., and Taguchi, H. (1998). A virulence
factor of Helicobacter pylori: role of heat shock proteins in mucosal inflamma-
tion after Helicobacter pylori infection. J. Clin. Gastroenterol. 27 (Suppl.1),
S35–S39.
Kaneda, K., Masuzawa, T., Yasugami, K., Suzuki, T., Suzuki, Y., and Yanagi-
hara, Y. (1997). Glycosphingolipid binding protein of Borrelia burgdogferi.
Sensu lato. Infect. Immun. 65, 3180–3185.
Kazmierczak, M.J., Wiedmann, M., and Boor, K.J. (2005). Alternative sigma
factors and their roles in bacterial virulence. Microbiol. Mol. Biol. Rev. 69,
527–543.
Ko¨hler, S., Teyssier, J., Cloeckaert, A., Rouot, B., and Liautard, J.P. (1996).
Participation of the molecular chaperone DnaK in intracellular growth of
Brucella suis within U937-derived phagocytes. Mol. Microbiol. 20, 701–712.
Konkel, M.E., Kim, B.J., Klena, J.D., Young, C.R., and Ziprin, R. (1998). Char-
acterization of the thermal stress response of Campylobacter jejuni. Infect.
Immun. 66, 3666–3672.
Krobitsch, S., and Clos, J. (1999). A novel role for 100 kD heat shock proteins in
the parasite Leishmania donovani. Cell Stress Chaperones 4, 191–198.
Kumar, M., and Mitra, D. (2005). Heat Shock Protein 40 Is Necessary for
HumanImmunodeficiency Virus-1 Nef-mediated Enhancement of Viral Gene
Expression and Replication. J. Biol. Chem. 280, 40041–40050.
Kumar, R., Pavithra, S.R., and Tatu, U. (2007). Three-dimensional structure of
heat shock protein 90 from Plasmodium falciparum: molecular modelling
approach to rational drug design against malaria. J. Biosci. 32, 531–536.
Matthews, R.C., Rigg, G., Hodgetts, S., Carter, T., Gregory, C., Illidge, C., and
Burnie, J. (2003). Preclinical assessment of efficacy of mycograb, a human
recombinant antibody against fungal HSP90. Antimicrob. Agents Chemother.
47, 2208–2216.
Melbom, K.L., Dubail, I., Dupuis, M., Barel, M., Lenco, J., Stulik, J., Golovliov,
I., Sjo¨stedt, A., and Charbit, A. (2008). The heat-shock protein ClpB of Franci-
sella tularensis is involved in stress tolerance and is required for multiplication
in target organs of infected mice. Mol. Microbiol. 67, 1384–1401.
Minton, A.P. (2001). The influence of macromolecular crowding andmacromo-
lecular confinement on biochemical reactions in physiological media. J. Biol.
Chem. 276, 10577–10580.
Nair, S., Milohanic, E., and Berche, P. (2000). ClpC ATPase Is Required for Cell
Adhesion and Invasion of Listeria monocytogenes. Infect. Immun. 68,
7061–7068.
Nakagawa, S., Umehara, T., Matsuda, C., Kuge, S., Sudoh, M., and Kohara,M.
(2007). Hsp90 inhibitors suppress HCV replication in replicon cells and human-
ized liver mice. Biochem. Biophys. Res. Commun. 353, 882–888.
Neckers, L. (2002). Hsp90 inhibitors as novel cancer chemotherapeutic
agents. Trends Mol. Med. 8, S55–S61.
Neckers, L., Schulte, T.W., and Mimnaugh, E. (1999). Geldanamycin as a
Potential Anti-Cancer Agent: Its Molecular Target and Biochemical Activity.
Invest. New Drugs 17, 361–373.
Otteken, A., Earl, P.L., and Moss, B. (1996). Folding, assembly, and intracellu-
lar trafficking of the human immunodeficiency virus type 1 envelope glycopro-
tein analyzed with monoclonal antibodies recognizing maturational intermedi-
ates. J. Virol. 70, 3407–3415.
Pavithra, S.R., Kumar, R., and Tatu, U. (2007). Systems analysis of chaperone
networks in the malarial parasite Plasmodium falciparum. PLoS Comput. Biol.
3, 1–15.
Pe´roval, M., Pe´ry, P., and Labbe´, M. (2006). The heat shock protein 90 of
Eimeria tenella is essential for invasion of host cell and schizont growth. Int.
J. Parasitol. 36, 1205–1215.
Piper, P.W., Millson, S.H., Mollapour, M., Panaretou, B., Siligardi, G., Pearl,
L.H., and Prodromou, C. (2003a). Sensitivity to Hsp90-targeting drugs can526 Cell Host & Microbe 4, December 11, 2008 ª2008 Elsevier Inc.arise with mutation to the Hsp90 chaperone, cochaperones and plasma
membrane ATP binding cassette transporters of yeast. Eur. J. Biochem.
270, 4689–4695.
Piper, P.W., Panaretou, B., Millson, S.H., Trumana, A., Mollapour, M., Pearl,
L.H., and Prodromou, C. (2003b). Yeast is selectively hypersensitised to
heat shock protein 90 (Hsp90)-targetting drugs with heterologous expression
of the human Hsp90beta, a property that can be exploited in screens for new
Hsp90 chaperone inhibitors. Gene 302, 165–170.
Pizarro, J., andCossart, P. (2006). Bacterial adhesion and entry in to Host cells.
Cell 124, 715–727.
Pratt, W.B., and Toft, D.O. (2003). Regulation of Signaling protein function and
trafficking by the Hsp90/Hsp70 based chaperone machinery. Proc. Soc. Exp.
Biol. Med. 228, 111–133.
Qoronfleh, M.W., Bortner, C.A., Schwartzberg, P., and Wilkinson, B.J. (1998).
Enhanced Levels of Staphylococcus aureus Stress Protein GroEL and DnaK
Homologs Early in Infection of Human Epithelial Cells. Infect. Immun. 66,
3024–3027.
Reiling, L., Jacobs, T., Kroemer, M., Gaworski, I., Graefe, S., and Clos, J.
(2006). Spontaneous recovery of pathogenicity by Leishmania major
hsp100-/- alters the immune response in mice. Infect. Immun. 74, 6027–6036.
Ritossa, F. (1962). A new puffing pattern induced by temperature shock and
DNP in Drosophila. Experentia 18, 571–573.
Rouquette, C., Chastellier, C., Nair, S., and Berche, P. (1998). The ClpC
ATPase of Listeria monocytogenes is a general stress protein required for
virulence and promoting early bacterial escape from the phagosome of
macrophages. Mol. Microbiol. 27, 1235–1245.
Rutherford, S.L., and Lindquist, S. (1998). Hsp90 as a capacitor formorpholog-
ical evolution. Nature 396, 336–342.
Scroggins, B.T., and Neckers, L. (2007). Post-translational modification of heat
shock protein 90: Impact on chaperone function. Expert Opin. Drug Disc. 2,
1403–1414.
Scroggins, B.T., Robzyk, K., Wang, D., Marcu, M.G., Tsutsumi, S., Beebe, K.,
Cotter, R.J., Felts, S., Toft, D., Karnitz, L., et al. (2007). An acetylation site in the
middle domain of Hsp90 regulates chaperone function. Mol. Cell 25, 151–159.
Smejkal, R.M., Wolff, R., and Olenick, J.G. (1988). Leishmania braziliensis
panamensis: increased infectivity resulting from heat shock. Exp. Parasitol.
65, 1–9.
Smith, I. (2003). Mycobacterium tuberculosis pathogenesis and molecular
determinants of virulence. Clin. Microbiol. Rev. 16, 463–496.
Silva, E.D., Foley, M., Dluzewski, A.R., Murray, L.J., Anders, R.F., and Tilley, L.
(1994). The Plasmodium falciparum protein RESA interacts with the erythro-
cyte cytoskeleton and modifies erythrocyte thermal stability. Mol. Biochem.
Parasitol. 66, 59–69.
Sullivan, C.S., and Pipas, J.M. (2001). The virus-chaperone connection. Virol-
ogy 287, 1–8.
Sullivan, C.S., and Pipas, J.M. (2002). T antigens of smian virus 40: Molecular
chaperones for viral replication and tumorigenesis. Microbiol. Mol. Biol. Rev.
66, 179–202.
Takaya, A., Tomoyasu, T., Matsui, H., and Yamamoto, T. (2004). The DnaK/
DnaJ chaperone machinery of Salmonella enterica Serovar Typhimurium is es-
sential for invasion of epithelial cells and survival within macrophages, leading
to systemic infection. Infect. Immun. 72, 1364–1373.
Tatu, U., Hammond, C., and Helenius, A. (1995). Folding and oligomerization of
influenza hemagglutinin in the ER and the intermediate compartment. EMBOJ.
14, 1340–1348.
Tatu, U., and Helenius, A. (1997). Interactions between newly synthesized gly-
coproteins, calnexin and a network of resident chaperones in the endoplasmic
reticulum. J. Cell Biol. 136, 555–565.
Tissie`res, A., Mitchell, H.K., and Tracy, U.M. (1974). Protein synthesis in sali-
vary glands of Drosophila melanogaster: Relation to chromosome puffs.
J. Mol. Biol. 85, 389–398.
Vaid, A., and Sharma, P. (2006). PfPKB, a protein kinase B-like enzyme from
Plasmodium falciparum:II. Identification of calcium.calmodulin as its upstream
Cell Host & Microbe
Reviewactivator and dissection of a novel signalling pathway. J. Biol. Chem. 281,
27126–27133.
Vergnes, B., Gourbal, B., Girard, I., Sundar, S., Drummelsmith, J., and Ouel-
lette,M. (2007). A proteomics screen implicates HSP83 and a small kinetoplas-
tid calpain-related protein in drug resistance in Leishmania donovani clinical
field isolates by modulating drug-induced programmed cell death. Mol. Cell.
Proteomics 6, 88–101.Wiesgigl, M., and Clos, J. (2001). Heat Shock Protein 90 Homeostasis
Controls Stage Differentiation in Leishmania donovani. Mol. Biol. Cell 12,
3307–3316.
Zhang, L., Pelech, S.L., Mayrand, D., Grenierm, D., Heinom, J., and
Uitto, V.J. (2001). Bacterial heat shock protein-60 increases epithelial
cell proliferation through the ERK1/2 MAP kinases. Exp. Cell Res. 266,
11–20.Cell Host & Microbe 4, December 11, 2008 ª2008 Elsevier Inc. 527
